Geometry optimization calculations on 13 members of the C 3 H 6 O 3 family of organic species have been carried out to determine their relative binding energies. Dimethyl carbonate [(CH 3 ) 2 CO 3 ] is one of the lower energy species in this family, which includes the C 3 -sugars 1,3-dihydroxyacetone and glyceraldehyde. The microwave spectrum of dimethyl carbonate has been measured over the frequency range 8.4-25.3 GHz with several pulsed-beam Fourier-transform microwave spectrometers and from 227 GHz to 350 GHz with direct absorption spectrometers. The spectrum of the lowest-energy cis-cis conformer of dimethyl carbonate has been assigned, and ab initio electronic structure calculations of the three possible conformers have been performed. Stark effect measurements were carried out on the cis-cis conformer to provide accurate determinations of the dipole moment components.
Introduction
Over the past 10 years, a number of spectroscopic efforts have been reported on simple sugars and sugar alcohols in the laboratory and space. The simplest sugar-related species, glycolaldehyde, was detected in the galactic center cloud Sgr B2(N) by Hollis et al. [1] , followed shortly thereafter with the detection of the simplest sugar alcohol, ethylene glycol [2] . The presence of larger sugars, sugar alcohols and sugar acids in interstellar space is suggested by the discovery of these species by Cooper et al. [3] in the Murray meteorite and the Murchison meteorite (which is often used as the standard reference for organic species in exogenic material). Surprisingly, ethylene glycol has also been identified in archival spectra from comet Hale-Bopp [4] . Glycolaldehyde belongs to a family of isomers with empirical formula C 2 H 4 O 2 that contains three other members: acetic acid, methyl formate and ethylenediol. With the exception of ethylenediol, whose microwave spectrum is unknown, the three other members of this family have been observed toward the Sgr B2(N) interstellar cloud with relative abundances of (acetic acid):(glycolaldehyde):(methyl formate) of about 1:4:26 [1] .
With an interest in extending both laboratory and astronomical measurements to the C 3 -sugars with empirical formula C 3 H 6 O 3 , a subset of the authors reported the laboratory spectra of the aldose sugar glyceraldehyde [5] and ketose sugar dihydroxyacetone [5, 6] . Subsequent searches for both forms of the sugars toward the interstellar cloud Sgr B2(N) were carried out without a clear detection of either [7] [8] [9] . This gives rise to the question ''Which is the most likely isomer in the family with empirical formula C 3 H 6 O 3 to be detectable in interstellar clouds?" Structural isomerism is extensive in interstellar clouds, and the relative abundances of isomers offer clues to the chemical and physical processes at play in these environments. Of the %160 interstellar species identified to date, two or more structural isomers have been detected for %20% of these species. This percentage is artificially weighted to a low value because a number of classes of detected molecules, such as diatomic molecules, do not have structural isomers. Interstellar chemistry is kinetically-controlled, and the expected abundances of structural isomers should therefore be dependent on their relative formation and destruction rates, rather than their relative energies. However, in 2005, Remijan et al. [10] noted that the higher binding energy of organic cyanides, compared to their isocyanide forms, might be the reason that the cyanide forms were found to be more abundant than the isocyanides in interstellar clouds. Likewise, a recent report on complex organic molecules in interstellar clouds by Lattelais et al. [11] noted that for the 32 species with detected structural isomers, the relative energy of the isomers was highly correlated with their relative abundances in interstellar and circumstellar clouds, with the more energetic isomers being less abundant than the lower energy isomers. Lattelais et al. [11] indicated that the two groups of structural isomers that deviated from this trend were those with empirical formulas C 2 H 4 O 2 and C 4 H 3 N. The first group contains acetic acid (lowest-energy isomer), methyl formate (most abundant isomer, 72 kJ mol À1 above acetic acid), and glycolaldehyde (least abundant isomer, highest energy isomer at 114 kJ mol À1 above acetic acid). The second group of isomers identified as deviating from this norm was cyanoallene and methylcyanoacetylene. However, the more recent observations by Snyder et al. [12] show that these two isomers are actually equally abundant, with a methylcyanoacetylene column density of 1.8(1) Â 10 12 cm
À2
, and a cyanoallene column density of 2.0(5) Â 10 12 cm À2 [13] . These values are essentially equal within the observational uncertainties and are in line with the expected values based on the relative energies of the isomers.
Given these trends, the relative abundances of the C 2 H 4 O 2 isomers are a mystery. Unlike the other sets of structural isomers detected in the ISM that form primarily through gas-phase ionmolecule chemistry, grain-surface radical-radical reactions involving the products of methanol and formaldehyde photodissociation have been proposed as the dominant formation mechanisms for the C 2 H 4 O 2 isomers [14] . It may be the case that the ice matrix quenches excess energy during the formation of these species, prohibiting molecular rearrangement to form the more thermodynamically-stable species. Before this theory can be tested, however, more information is needed from both laboratory and observational studies that compare the relative abundances of isomers that form through this type of chemistry.
In light of these trends and the puzzling mystery of the C 2 H 4 O 2 isomers, we have carried out theoretical calculations on 13 isomers in the C 3 H 6 O 3 family. We found -not surprisingly -that the sugars, dihydroxyacetone and glyceraldehyde, were not the lowest-energy isomers, and that several hydroxypropionic acid forms and dimethylcarbonate were substantially lower in energy. Given the relative stability of dimethyl carbonate to its sugar analogs, we also undertook the task of measuring its rotational spectrum, which has not been previously investigated. Details of the spectral studies and the theoretical calculations are given below.
Theoretical calculations
Nine structural isomers belonging to the C 3 H 6 O 3 family were originally studied by Widicus Weaver [15] and supplemented here with four additional species. Using the GAUSSIAN 09 Quantum Chemistry Package [16, 17] at the Cherry L. Emerson Center for Scientific Computation at Emory University, the geometry of each of the four additional structural isomers of the C 3 H 6 O 3 family was initially optimized using Density-Functional Theory (DFT) calculations at the B3LYP/6-311+G level. Next, to find other stable configurations, each functional group on the molecule was rotated about the single bond, when feasible, to the adjacent atom for a total rotation of 360°in 20°increments. Starting with each of the new stable positions for the functional groups, another DFT calculation (B3LYP/6-311+G) was performed to determine which configuration was the energy minimum Each lowest-energy conformer was then optimized at the MP2 6-311++G(d,p) level [18] to obtain its binding energy and rotational constants. Table 1 lists the total binding energies as well as the rotational constants determined for 13 isomers in the C 3 H 6 O 3 family. The relative energies for these structures are shown schematically in Fig. 1 . The corresponding 3D structures are shown in Fig. 2 . Interestingly, two acid forms, lactic acid (2-hydroxypropionic acid) and 3-hydroxypropionic acid, are found to be the lowest-energy structural isomers in the C 3 ), neither of which have been previously studied spectroscopically. These two isomers are substantially lower in energy than the two sugar forms 1,3-dihydroxyacetone and glyceraldehyde (%105 kJ mol À1 ). Of these four low-energy isomers, only lactic acid has been thoroughly investigated spectroscopically [19] . The only other isomer which is commercially available is dimethyl carbonate.
Dimethyl carbonate is an asymmetric top molecule with three low-energy conformers. The final ab initio calculations on dimethyl carbonate were carried out at the MP2 level [20] with the augmented correlation consistent triple zeta basis set, aug-cc-pVTZ [21] , using the GAUSSIAN 09 Quantum Chemistry Package [16, 17] . Each of the conformers of dimethylcarbonate is shown in Fig 3. All geometries were at true energy minima as verified in calculations of the analytical second derivatives. The relative energies of the three conformers with and without zero-point-energy (ZPE) corrections are summarized in Table 2 . The predicted rotational constants are also reported in Table 2 and were used to aid the identification of the experimentally observed conformer.
Experimental details
The microwave spectrum of the lowest-energy conformer of dimethyl carbonate has been observed over a frequency range from 8.4 GHz to 25.3 GHz using pulsed-beam Fourier-transform microwave spectrometers at NIST and in the millimeter-wave range of 227-350 GHz using direct absorption flow cell spectrometers at Caltech. Additional microwave studies were conducted at Caltech using the original Balle-Flygare spectrometer [22] , but the NIST measurements were those used in the analysis presented here. At NIST, measurements were carried out using a Fabry-Perot cavity, pulsed nozzle Fourier-transform microwave (FTMW) spectrometer of the Balle-Flygare type [22] designed by Lovas and Suenram [23, 24] . This design employs a co-axially oriented nozzle [25] and PC-based system for timing, mirror movement, nozzle control, synthesizer tuning and signal processing, and uses the FTMW++ software system designed by Grabow [26] . Under ambient conditions, dimethyl carbonate has a moderate vapor pressure, so that a premixed sample of dimethyl carbonate in rare gas (argon or neon) could be prepared at a 1% by volume ratio. The jet-cooled expansion was produced by pressurizing the pulsed nozzle with this gas mixture at a total pressure of 150 kPa (1.5 bar) and then injecting it into the cavity through a 1 mm diameter nozzle orifice. The expansion was oriented along the axis of the Fabry-Perot cavity and parallel to the microwave field. Molecular transitions, observed as Doppler doublets, had line widths of 5 kHz, and the frequency measurement uncertainties were estimated to be 2.0 kHz in most cases (Type B with k = 1 or one standard deviation estimated uncertainty [27] ).
For the millimeter-wave measurements, the Caltech direct absorption flow cell spectrometers were employed. These instruments are described in detail elsewhere [28] . Briefly, sample was introduced into a 2-m long glass flow cell via a ball flask connected to the cell. Sample continuously flowed through the cell, and a pressure of about 13 Pa (100 mtorr) was maintained. The millimeter-wave signal was generated by frequency multiplication of the output of a microwave signal generator (Wiltron 6747A-20) via a frequency multiplier chain (including components from Miteq, Spacek, and Virginia Diodes Inc.) [17] . The frequency-modulated output signal was detected with an InSb hot electron bolometer detector and processed with 2f detection using a lock-in amplifier. Computer-automated scans of both increasing and decreasing frequency increments were averaged for all spectra. Since the dimethyl carbonate lines were rather weak and the spectrum quite sparse, multiple (5 or more) up-down sweeps were averaged in small windows around each line. Line measurement uncertainties were estimated to be about 0.1 MHz (Type B with k = 1 [27] ) due to the step size used and low signal-to-noise ratio as a result of the very small dipole moment. Line widths were typically about 1 MHz.
Results and analysis
A survey with the compact FTMW spectrometer at NIST, shown in Fig. 4 , was carried out over the frequency range of 9.6-20.5 GHz and used for the initial assignment of the spectrum. Due to the hindered internal rotation of the two methyl groups in dimethyl carbonate, each rotation line appears as a quartet with splittings typically on the order of a few MHz for the lowest K a transitions. These multiplets are not evident in the low-resolution plot in Fig. 4 , and so Fig. 5 shows a high-resolution plot of three K a = 1 0 R-branch transitions with spin weight labels below each internal rotation component. Note that the spin weights differ only Frequency (MHz) Table 3 . The transition quantum numbers, symmetry states, and frequencies are listed in Table 4 along with the fitted observed minus calculated residuals. The 11 kHz standard deviation of the fit is about a factor of five larger than the average uncertainty of the measurements (2 kHz). We were unable to find any additional determinable parameter(s) which improved the fit.
Since we also had observed high-J rotational transitions in the millimeter-wave spectra, listed in Table 5 , we employed the Erham program developed by Groner [30] that allows inclusion of rotational quantum numbers up to 120 and a set of Hamiltonian terms similar to those used in the Xiam fit. Due to the large difference in uncertainties and frequencies between the centimeter and millimeter wavelength measurements, the fit was weighted by the inverse of the uncertainties squared. None of the millimeter wavelength measurements exhibited resolved internal rotation and only the degenerate doublets for J 0 -J 00 with K a = 1-0 or 0-1 were observable since these have the largest line strengths. While we initially included only the EE state assignments for these high-J rotational lines, it was not clear if the unresolved internal rotation splitting was symmetric with respect to the EE transition position. Thus, we included all the internal rotation components for each rotational line, i.e., eight transitions at the same frequency. These assignments were weighted by the spin weights, which accounted for two degenerate rotational lines in order to not bias the millimeter wavelength data with respect to the low frequency data set. The final fitted parameters are shown on the right side of Table 3 . Tables 4 and 5 show the residuals for this fit, which is clearly an improvement over the Xiam fit for the internal rotation data in Table 4. Table 5 also lists the AA-EE splitting which increases by about 6 kHz per J quantum number. All observed transitions have calculated splitting substantially smaller than the observed line widths of 1-2 MHz. It should be noted that the AE and EA transitions are degenerate in frequency to 1 kHz, and these are split in the opposite direction from the EE lines compared to the AA lines, with splitting values equal to the AA-EE splitting.
Dipole moment determination
One of the NIST FTMW spectrometers is equipped with a set of 25 cm Â 25 cm parallel plates separated by 25 cm [31] . These are positioned along the cavity axis and are centered between the mirrors and the nozzle, which is located perpendicular to the cavity axis. Positive voltage is applied to one plate and an equal negative voltage is applied to the second plate to induce Stark effect shifts in the transitions. The microwave electric field and external electric field are parallel so that DM = 0 transitions are observed. The precise Stark plate separation, d, was determined by calibration with [26] . c The AA and degenerate AE, EA pair are offset symmetrically from the EE transition to within 1 kHz and have equal relative intensities. a Uncertainties from the fit are Type A with coverage factor k = 2 (two standard deviations) [26] . b The V 3 barrier includes small corrections for zero-point energy differences as described in the text.
consistent with the MP2/aug-cc-pVTZ value of À0.77 Â 10 À30 C m (À0.23 D). The Stark effect measurements cannot determine the sign of the dipole moment.
Discussion
A comparison of the experimentally-determined molecular parameters for cis-cis dimethyl carbonate with those determined from ab initio calculations is shown in Table 6 . The rotational and centrifugal distortion constants are in excellent agreement with deviations of less than 1% and up to 10%, respectively. The only parameters easily derived from the internal rotation analysis are the methyl top axis angle relative to the a-principal axis of the molecule, h 1 (or its complement h 2 ) and the V 3 torsional barrier for the two symmetrically equivalent rotors. When the effective methyl top axis is taken to coincide with the O-C(H 3 ) bond, the angle only agrees to within 22%. However, for an axis defined from the O atom to the center-of-mass of the methyl hydrogens, the angle decreases to 28.3°and F 0 decreases to 157.84 GHz, both of which are in better agreement with the experimental values. The V 3 torsional barrier was calculated by first fully optimizing the double transition state structure defined after rotation of both methyl rotors by 180°. One half of the zero-point corrected energy difference between the equilibrium and top-of-barrier C 2v structures was then added to the zero-point energy calculated for the observed V 3 torsional potential resulting in a calculated V 3 barrier of 382.4 cm
À1
. This value is only 4% lower then the observed value of 398.13 (20) 
cm

À1
. These results are summarized in Table 6 . Recently, the simplest carbonate molecule, carbonic acid (H 2 CO 3 ), has been observed in the microwave region by Mori et al. [33] . In this case, it was necessary to produce the molecule in a DC discharge of water and carbon dioxide. Due to the small dipole moment of the cis-cis form, only the cis-trans isomer was observed. Since the carbonic acid and dimethyl carbonate species are the first carbonates to be studied with high-resolution rotational spectroscopy, it is interesting to compare their structures derived from ab initio calculations with comparable basis sets. From the values in Table 7 , it is evident that substitution of a methyl group has the largest effect on the carbonyl bond length, which increases by 0.008 Å for the cis-cis conformer and 0.011 Å for the cis-trans conformer. The core CO 3 angular geometry does not change significantly. The other large change occurs in the \HOC and \MeOC angles, which increase about 6°upon methyl group substitution. This may be attributed, at least in part, to steric effects.
In answer to the question posed in the Introduction, ''Which is the most likely isomer in the family with empirical formula C 3 H 6 O 3 to be detectable in interstellar clouds?", the most energeticallyfavored species would be the two hydroxypropanoic acids, which are found to be at the lowest-energy in this group. However, in light of the fact that acetic acid is not the most abundant of the C 2 H 4 O 2 isomers, perhaps the formation mechanisms, destruction mechanisms, or physical mechanisms for release of acids from grain mantles limit the observed abundances of acids in the gasphase, thus making some of the slightly higher-energy isomers more favorable, e.g., in this case hydroxymethylacetate or dimethyl carbonate. The very small dipole moment of dimethyl carbonate makes it a much less viable candidate for observational detection than hydroxymethylacetate.
Recently, Apponi et al. [34] reported the lack of detection of lactic acid toward Srg B2(N) at 2 mm wavelength with the Arizona Radio Observatory (ARO) 12 m telescope. Their searches realized a column density upper limit of <9 Â 10 13 cm À2 for lactic acid compared to a column density of 7.3 Â 10 15 cm À2 for acetic acid reported by Mehringer et al. [35] . The lower energy form of the C 3 sugar, dihydroxyacetone, was also sought with the ARO 12 m telescope and resulted in a lack of detection with an upper limit column density of <5 Â 10 13 cm À2 [34] . Thus, members of the C 3 H 6 O 3 family are proving to be difficult to observe in the organically rich interstellar cloud Sgr B2(N). 
